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ABSTRACT Time-resolved two-photon photoelectron spec-
troscopy is used to study the dynamics of non-equilibrium elec-
tron and hole distributions at bare and D>O-covered Ru(001)
following optical excitation (55-fs, 800-nm pulses) with vari-
able fluence (0.04—0.6 mJcm~2). Within the first 0.5 ps we
observe an ultra-fast transient of the excited-carrier popula-
tion and energy density at the surface which is accompanied
by pronounced deviations of the electron-energy distribution
from a (thermalized) Fermi—Dirac distribution. Comparison
of the transient energy density of the photoexcited electrons
at the surface with predictions of the two-temperature model
provides fair agreement up to 400 fs, but exhibits a system-
atically lower energy density at later times, where electrons
and phonons are equilibrated. We propose that this reduced
energy density at the surface originates from ultra-fast energy
transport of non-thermal electrons into the bulk in competition
to electron—phonon coupling at the surface. This is corrob-
orated by extending the two-temperature model to account
for non-thermal, photoexcited electrons, whereby quantitative
agreement with experiment can only be achieved if ballistic
transport and reduced electron—phonon coupling is incorporated
for non-thermal electrons. Implications for surface femtochem-
istry are discussed.

PACS 78.47 +p; 71.38.-k; 73.40.-c

1 Introduction

The ultra-fast dynamics of elementary scattering
processes in solids are key for a microscopic understanding of
fundamental solid-state properties like electric conductivity
or light-matter interaction. For example, scattering between
electrons and phonons or impurities/defects on the femtosec-
ond time scale was implicit already in the first microscopic
theories of electrical resistance [1] and has been studied ex-
tensively under quasi-equilibrium conditions (e.g. in trans-
port measurements) [2]. However, only the rapid advances
of time-resolved laser spectroscopy during the past decades
have allowed us to disentangle directly the different elemen-
tary scattering mechanisms of photoexcited carriers in, so far,
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unprecedented detail [3]. In these experiments, an ultra-short
light pulse induces an electronic polarization in the material.
Quasi-elastic scattering leads to rapid dephasing and hence
absorption of light, resulting in a non-equilibrium distribution
of electron—hole pairs. This non-thermal carrier distribution
will (i) redistribute its energy by scattering among the quasi-
particles themselves via electron—electron (e—e) collisions,
leading to internal thermalization of the electronic system and
(ii) transfer energy to the lattice via electron—phonon (e—ph)
scattering, leading to cooling and equilibration with the lat-
tice. Depending on the material system and the optical ex-
citation density, both processes (thermalization and cooling)
may occur on similar or separate time scales. In bulk sam-
ples, the finite optical penetration depth will inevitably lead to
a spatially inhomogeneous excitation. Therefore, ballistic and
diffusive transport may strongly affect the observed energy re-
laxation dynamics near the surface. Such transport effects will
be absent in homogeneously excited systems, like thin films,
heterostructures or nanoparticles on insulating substrates.

In metallic systems, the dynamics of photoexcited elec-
trons are governed by the high density of valence electrons,
which leads to screening of the Coulomb interaction of quasi-
particles with their surroundings, but also contributes to the
available phase space for e—e scattering [4]. At low excita-
tion densities (< 10~% e~ /atom), where photoexcited elec-
trons interact predominantly with the (‘cold’) equilibrium part
of the electron distribution, scattering rates can be described
within the framework of Fermi-liquid theory, whereby differ-
ent degrees of sophistication have been used to account for
screening [4,5]. A detailed discussion of this regime is be-
yond the scope of this paper and can be found elsewhere [6].
At high excitation densities (> 1073 e~ /atom), rapid ther-
malization via multiple collisions among the photoexcited
non-equilibrium electrons (or holes) may establish a Fermi—
Dirac distribution, characterized by an electron temperature,
T, before equilibration with the lattice temperature, Tpp, is
reached. As the electron heat capacity is typically 1-2 orders
of magnitude smaller compared to the lattice, T,; may reach
several thousand Kelvin within 1 ps while the lattice remains
relatively cold [7]. This concept of separate electron and
phonon temperatures provides the basis of the well-known
two-temperature model (2TM) [8] and the validity of this
picture has been extensively analyzed both by theory and ex-
periment [9—17]. In the experiments, the electron dynamics
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following optical excitation have been monitored either indi-
rectly by a properly chosen optical response [10, 11,13, 15]
or directly by time-resolved photoemission of the photoex-
cited electron distribution [12, 17, 18]. From this work, it is
now well established that, at early times after photoexcitation,
the dynamics are governed by a non-thermal carrier distribu-
tion and that a description within the 2TM is appropriate only
after electron thermalization is completed. Note that most of
these studies have focused on noble metals as model systems
and/or thin films to avoid transport effects, which simplifies
the analysis.

Beside the fundamental relevance of electron-scattering
processes in solids, their dynamics are of particular impor-
tance for the understanding of non-adiabatic processes at sur-
faces. For adsorption of atoms or molecules from the gas
phase, it has long been assumed that the energy exchange with
the substrate occurs predominantly by excitations of phonons
until, very recently, Gergen et al. provided direct evidence
for electron—hole pair excitation during adsorption of vari-
ous weakly bound species [19]. Such non-adiabatic effects
are well established for strongly exothermic surface reactions
(like the oxidation of alkali metals) and may lead to emis-
sion of exoelectrons or chemiluminescence [20]. At metal
surfaces, vibrational energy relaxation is dominated by non-
adiabatic coupling to electron-hole pair excitation in the sub-
strate [21], which may strongly affect the dynamics of surface
reactions [22].

While the above processes all lead to damping of nuclear
motions (and corresponding excitations of the electronic sys-
tem), the reverse process can be induced by optical excitation
of energetic (hot) substrate electrons, which may couple to
the adsorbate’s degrees of freedom [23, 24]. The resulting vi-
brational excitation of the adsorbate may eventually lead to
surface reactions. For excitation with intense femtosecond
laser pulses, the high density of non-equilibrium electrons
can even lead to multiple electronic excitations and a corres-
ponding high reaction yield in surface femtochemistry, which
depends non-linearly on the absorbed laser fluence. The un-
derlying mechanisms have been described in the framework
of the DIMET (desorption induced by multiple electronic
transitions [25]) or the ‘electronic friction’ model [23]. In the
latter model, the adsorbate’s vibrational degree of freedom
is non-adiabatically coupled to the transient hot electron dis-
tribution, which is usually described within the 2TM, i.e. by
a thermalized (hot) Fermi—Dirac distribution. However, as il-
lustrated in Fig. 1, ultra-short laser excitation creates a highly
non-thermal, nascent carrier distribution, which thermalizes
on a time scale 7y, depending on the excitation density. These
energetic, non-thermalized electrons may couple to the adsor-
bate (e.g. by tunneling into unoccupied adsorbate resonances)
much more efficiently compared to a thermalized distribu-
tion with equal energy density, which affects the measured
reaction yield (see e.g. [26]). Knowledge about the tempo-
ral evolution of the non-equilibrium electron distribution and
its thermalization dynamics is thus of fundamental impor-
tance for a detailed understanding of surface femtochemistry.
However, most studies in surface femtochemistry have been
performed on bulk samples of transition metals (e.g. Pt [26],
Pd [27] and Ru [28]) due to their chemical activity. For these
metals, detailed studies of the electron thermalization dynam-
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FIGURE 1 Illustration of the non-equilibrium electron distribution directly
after optical excitation of a metal with an ultra-short laser pulse (At = 0)
and after development of a thermalized, but still hot Fermi-Dirac distri-
bution (Af > 7). The higher density of energetic electrons in the non-
thermalized distribution may couple more efficiently to unoccupied adsorbate
resonances (LUMO), which may strongly influence the reactivity in surface
femtochemistry

Substrate

ics and transport effects are rare [29, 30] and have yet to be
performed in a systematic way.

In this paper we investigate the ultra-fast dynamics of
electron thermalization and cooling in ruthenium after opti-
cal excitation (800-nm, 55-fs laser pulses, absorbed fluence
< 0.6 mJ cm™?) directly by time-resolved two-photon photo-
electron (2PPE) spectroscopy. We choose Ru(001) as a sub-
strate (also denoted as the hexagonal Ru(0001) surface) be-
cause we have previously investigated the surface femtochem-
istry on this surface for various adsorbates [28,31]. In the
present work, we mainly study D,O/Ru(001) due to its re-
duced work function, @, compared to bare Ru(001) and probe
the entire electron distribution around the Fermi level by
a time-delayed probe pulse with a photon energy well above
the work function [12, 18]. This allows us to probe the tran-
sient non-equilibrium population of both electrons and holes
and, thus, the energy density of the excited carriers at the sur-
face. We find that the observed dynamics cannot be described
within the 2TM, but can only be accounted for if fast ballistic
transport into the bulk and a reduced electron—phonon coup-
ling of non-thermalized electrons are included in an extended
model. Both effects lead to a significantly reduced energy
density at the surface at later times (> 400 fs) compared to
the predictions of the 2TM. As a consequence, the final tem-
perature after equilibration between electrons and phonons
is lower than predicted by the 2TM and, hence, phonon-
mediated processes in surface femtochemistry will become
less likely.

2 Experimental

The electron dynamics at Ru(001) are investigated
with a setup combining a tunable femtosecond laser system
and an ultra-high vacuum (UHV) chamber for time-resolved
two-photon photoemission spectroscopy (see Fig. 2).

The laser system consists of a Ti: sapphire regenerative
amplifier (Coherent RegA 9050) pumped by a 10-W diode
laser pumped Nd : YVOq laser (Coherent Verdi) and seeded
by a 30-fs Ti:sapphire oscillator (Coherent Mira). At 200-kHz
repetition rate the RegA delivers 800-nm laser pulses with
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FIGURE 2 Schematic overview of the experimental setup for time-resolved
two-photon-photoemission (2PPE) spectroscopy (see text for details)

aduration of ~ 55 fs (FWHM) and a pulse energy of 5 pJ. Half
of this output is split off as a pump pulse to excite the Ru sam-
ple. The group-velocity dispersion (GVD) is compensated by
guiding the beam through a pair of quartz prisms. The (lin-
ear) polarization of the 800-nm pump beam is controlled by
a A/2 waveplate and its fluence is varied with a set of neu-
tral density filters. The other half of the RegA output pumps
an optical parametric amplifier (Coherent OPA 9450) with
the signal output ranging from 460 nm to 750 nm with about
100-nJ pulse energy depending on the operation wavelength.
The signal of the OPA is first guided through a SF10 prism
pair for GVD compensation and is then focused on a 100-pm-
thick type-I BBO non-linear crystal to produce a frequency-
doubled UV pulse (230-375 nm), which is used to probe the
excited-electron distribution. The UV pulses are compressed
with a separate pair of quartz prisms and pass a computer-
controlled delay stage to set the time delay between pump
and probe. Both beams are focused onto the Ru surface with
a 50 cm focal length quartz lens. Note that for some 2PPE
experiments (as specified in the text) the fundamental of the
OPA output (hv) is used in combination with the frequency-
doubled UV pulses (2Ahv).

To characterize the pump- and probe-beam profiles at the
Ru surface, a mirror can be flipped into the beam path in front
of the UHV chamber to image the pump and probe beams onto
a CCD camera. The optical path length from the last lens of the
optical setup to the CCD camera was set equal to the optical
path from the lens to the surface so that we are able to simu-
late the beam profiles at the focal spot at the sample surface
(see Fig. 2).

Both beam profiles exhibit a Gaussian shape, as shown in
Fig. 3. The pump-beam diameter was intentionally set wider
than the probe to achieve a quasihomogeneous excitation
density over the probed area. To ensure spatial overlap of
pump and probe, both beams are steered through a 200-pum
pinhole, which is positioned at a position equivalent to the
sample. The optimum overlap is achieved by maximizing the

FIGURE 3 Normalized pump- and probe-beam cross sections at the op-
tical path position of the Ru surface; the solid lines are fits of Gaussian
distributions. White lines in the inset depict the lateral intensity distribution;
they indicate the line scans given in the main figure. Beams are intentionally
displaced for clarity

pump-induced signal. The absorbed fluence was determined
from the power reflected by the Ru sample after taking into ac-
count the measured transmission coefficients of the chamber’s
input and output windows. For s-polarized light at 800 nm
the absorbance of the Ru surface at 45° angle of incidence
was found to be 25(2)%, which is in reasonable agreement
with a value of 29% calculated from tabulated optical con-
stants (g1 = 0.8, &> = 33.8[32]). For the determination of the
absorbed fluence, we considered the explicit Gaussian shape
of the pump beam intensity profile, as obtained by fitting the
measurements in Fig. 3. This intensity is integrated in an area
within the FWHM of the probe beam. This approach allows
us to calculate the actual absorbed fluence in the probed area
only. Thus, from the measured absorbance and beam profile of
the pump beam we obtain the absorbed fluences, which in this
work are 40, 230 and 580 pJ cm 2. !

Photoelectrons are detected in an electron time-of-flight
(TOF) spectrometer and analyzed according to their kinetic
energy Eyi, as well as their momentum k; parallel to the sur-
face. In the present study, however, we detect photoelectrons
only in normal emission (k; = 0) within an angular accept-
ance of the electron TOF spectrometer of £3.5°. Since the
electron’s time of flight is measured, the energy resolution
of the TOF spectrometer depends on electron energy. In the
range of Eyj, ~ 1¢eV it is better than 10 meV. The pulse du-
ration of the 800-nm pump and the UV probe is determined

I Due to the very small pump-induced changes on the 1PPE background
it was not possible to maximize the overlap between pump and probe
beams for the lowest fluence (40 chm_2). As insertion of the neu-
tral density filter in the 800-nm path may cause a slight misalignment
of the overlap we corrected the value obtained by the CCD camera
(100 pJ cm™2) to 40 pJ cm™2, according to the amplitude of the non-
thermal part of the spectrum (Fig. 6). This value provides a good relative
measure of the absorbed fluence when compared with spectra at higher
fluence



168

Applied Physics A — Materials Science & Processing

by evaluating the 2PPE cross-correlation signal of electrons
at 1.4 eV above Er on the surface, giving a FWHM below
100 fs for the cross-correlation width. To account for the finite
lifetime of electrons at 1.4 €V above Er the maximum of the
cross-correlation curve was assumed at At = 15 fs, which is
used as a reference for time zero.

The Ru(001) single crystal is mounted in a UHV chamber
(base pressure < 107! mbar) and is cleaned by cycles of Ar*
sputtering (700-eV kinetic energy) and heating to 1300 K in an
O, atmosphere of 10~7 mbar for 10 min. Prior to 2PPE meas-
urements, the Ru sample is flashed to 1600 K for 30s. This
preparation leads to a sharp, low-background, low-energy
electron diffraction (LEED) pattern and contamination be-
low the sensitivity of Auger-electron spectroscopy (AES). As
explained below, in most of the experiments the work func-
tion of clean Ru(001) was lowered by adsorption of 1 bilayer
(BL) DO at 150K substrate temperature employing a pin-
hole gas doser. The respective coverage was determined by
the integrated desorption yield in thermal desorption spectra
(TDS).

3 Results

A complete analysis of the thermalization and
cooling dynamics would require knowledge about the tem-
poral evolution of the entire photoexcited carrier distribution
(i.e. of both electrons and holes around Ef &= A vpymp). In prac-
tice, however, space-charge effects, detector saturation as well
as available photon energies limit the accessible energy range
for probing photoexcited holes to typically ~ 300—400 meV
below Eg. In the corresponding time-resolved 2PPE ex-
periments, an intense pump pulse (2vpump) €Xcites a non-
equilibrium carrier distribution and their temporal evolution
is probed by a time-delayed UV pulse with photon energy
hvprobe Well above the sample work function @. Such a vari-
ant of 2PPE spectroscopy has been employed previously to
study the electron dynamics around the Fermi level, for ex-
ample, in thin Au films [12], graphite [18, 33] or Ag clusters
on graphite [17]. Here we apply this approach to the Ru(001)
surface which has a work function of @, =5.4€V. As this
energy is close to the limit of the tuning range of our OPA,
we have also studied 1 BL of D,O/Ru(001), which exhibits
a work function of only 4.16 eV. To demonstrate that the wa-
ter overlayer will not affect the thermalization dynamics close
to Er we will first briefly discuss the electron dynamics at the
D,0/Ru(001) interface. A detailed analysis will be subject of
a future publication [34].

Figure 4 depicts a photoelectron distribution for 1 BL
D,0/Ru(001) as a function of pump—probe delay at differ-
ent intermediate state energies E — Er between the Fermi
level and the vacuum level (Ey,). In contrast to the data pre-
sented below, both beams were p-polarized (hv; = 2.05eV
and hv, = 4.1 eV), which allows us to excite also image poten-
tial and adsorbate-induced states. Positive delays At account
for the UV laser pulse hv, being delayed with respect to iy
serving as pump. Negative values account for the opposite
(pump with UV, probe with Av;). The corresponding pro-
cesses are shown schematically in the upper panel of Fig. 4.
The energy axes represent the intermediate state energy E —
Eg = Eyin + @ — hvyobe and thus depend on the sign of the de-
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FIGURE 4 2PPE intensity (gray scale) at different intermediate-state en-
ergies as a function of pump—probe delay measured for 1 BL D,O/Ru(001)
with ~v; =2.05eV and vy, =4.10 eV (both p-polarized). The intermediate-
state energy is calculated according to E — Ef = Exin — hvprope + P. For
negative delays the excited-electron distribution is probed by hv; at E —
EF close to Evyc (left-hand axis). Since for positive delay the probe pho-
ton energy is hv,, the corresponding intermediate-state energy is 2.05 eV
lower (right-hand axis) and represents the energy of excited electrons (C) in
Ru(001) near Ef. Additional peaks arise from the n =1 (B) and n =2 (A)
image-potential states of D;O/Ru(001). The inset shows cross correlations
at two energy levels: 3.55 and 3.2 eV above Ep. The one at 3.2 eV (dotted
line) exhibits a slight decay towards positive delay while the 3.5 eV cross
correlation (solid line) follows the pump—probe pulse profile

lay, which leads to two energy scales (left and right) given in
the figure.

The time-resolved 2PPE spectra in Fig. 4 exhibit three fea-
tures (A—C): the low-energy feature (C) at E — Ep < 0.6eV
and positive delays originates from excited electrons in the
Ru substrate and is the focus of the present paper. It corres-
ponds to the scheme in the upper-right of Fig. 4: electrons
below Ef are excited optically by ~v; = 2.05 eV resulting in
a non-thermal electron—hole pair distribution as indicated in
Fig. 1 (left). The subsequent electron thermalization dynam-
ics observed with increasing delay will be analyzed in detail
below. The features (A) and (B) correspond to a 2PPE process
depicted in the upper-left of Fig. 4.

Electrons are excited by hv, =4.1¢eV into the n =1
(B) and n =2 (A) image potential states of 1 BL D,O/
Ru(001) [34], which forms a well-ordered interface at the bi-
layer coverage [35]. The n = 2 image potential state decays
to negative time delays as a consequence of the excitation
by hv,. The inset shows two cross-correlation traces, one
taken in a £100-meV window around 3.55€V (solid line),
which is used to characterize the width of pump and probe
pulses and one taken at 3.2¢eV (peak B, dotted line). For
negative delays both traces are identical, which means that
the ultra-fast decay rate of state (B) is not resolved in the
experiment and is faster than the laser-pulse duration. The
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slight asymmetry of the dotted line towards positive time
delay reflects the relaxation of non-equilibrium d-band elec-
trons excited by #v; and probed by hv,. An influence of the
molecular adlayer on the excited-electron dynamics near Er
can be excluded due to three reasons: (i) the image poten-
tial states are the only adsorbate-induced features observed in
the 2PPE spectra. They are excited by the UV pulse hv, and
decay at zero or negative delays faster than the experimental
time resolution, while electrons near Er (C) relax at posi-
tive delays. (ii) Moreover, the energetic separation of features
B and C and the very low UV photon fluence in comparison
to the strong 800-nm pump pulses used below minimizes any
further influence. (iii) Both image potential states exhibit o-
symmetry and can only be excited with p-polarized light [36].
In all 2PPE experiments shown below we have therefore used
s-polarized pump pulses (at hv; = 1.55¢eV) to exclude any
contributions from multi-photon excitation of surface reso-
nances. Under these conditions we can safely assume that the
observed carrier dynamics near Er for 1 BL D,O/Ru(001)
should be identical to bare Ru(001).

As discussed before, adsorption of 1 BL D,O on Ru(001)
reduces the work function to 4.16 eV, which allows us to probe
the carrier dynamics by hv, = 4.58 eV also below Eg. This is
sketched in Fig. 5, which compares the photoelectron energy
distribution before and after (At = 100 fs) excitation with the
s-polarized 800-nm pump pulse with an absorbed fluence of
580 1.J cm~2. The hatched area shows the equilibrium photoe-
mission spectrum of D,O/Ru(001) taken at negative pump—
probe delay (i.e. UV probe first). The cutoff of the spectrum
at E— Egp = —0.4¢eV denotes the lowest detected electron
energy corresponding to states below Er which are probed
by direct photoemission. The upper energy limit of the ‘un-
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FIGURE 5 Comparison of pumped (o, At = 100fs, absorbed fluence
580 wJ cm~2) and unpumped (hatched) 2PPE spectra of 1 BL D,O/Ru(001)
on logarithmic scale (s-polarized pump hv; = 1.55€V, p-polarized probe
pulses v, =4.58 eV). The low-energy cutoff at E — Er = —400 meV occurs
because electrons at lower energy cannot be excited above Ey,c by the photon
energies used. All spectra are normalized to unity at —150 meV. The dashed
line indicates a Fermi—Dirac distribution f(E, Te1) with Ty = 225 K fitted to
the pumped spectrum in the vicinity of Er. The thick solid line approximates
the non-thermal part of the excited-electron distribution (see text)

pumped’ spectrum reflects electrons near Ef in the tail of the
Fermi-distribution function. Because the absorbed fluence of
hvy is roughly four orders of magnitude larger than A v,, multi-
photon excitation by the pump pulse results in a photoelectron
background even when the UV probe beam is blocked. This
contribution, which depends on the absorbed fluence, can be
as high as 10% of the correlated signal and is subtracted in the
data analysis.

The spectra in Fig. 5 can be described by a superposition
of a non-thermalized electron (and hole) distribution as well
as a thermalized part of the electron distribution, which is
defined by a Fermi—Dirac distribution f(E, T¢) with a charac-
teristic electron temperature Ty

1
e(E—Ep)/kgTe 41 °

AE, Ta) = ey
To account for spectrometer resolution and energetic band-
width of the laser pulses, f(E, T¢) is convoluted with a Gaus-
sian of 47 meV FWHM and is then used as a fitting func-
tion to the 2PPE spectra as in Fig. 5 in a selected energy
interval around Efr. Different slopes of the falling edge at
Er denote different temperatures T of the electron gas. The
fit of the unpumped spectrum in Fig. 5 represents the equi-
librium temperature of the investigated area on the surface,
which is 100 K. Note thatat Ar = 100 fs after excitation, more
than 80% of the electron distribution is well described by
a Fermi—Dirac distribution with an electron temperature of
225 K (dashed line in Fig. 5). Hereby the fitting was restricted
to an energy interval —20 meV < E — Er < 80 meV. How-
ever, this thermalized distribution obviously does not account
for the total energy in the excited system, as the entire carrier
distribution is strongly non-thermal with non-equilibrium hot
electrons populating states up to 1.2 eV above Eg. To extract
this fraction of non-thermal carriers from our 2PPE spectra
we also approximate the non-thermal part of the electron dis-
tribution by a Fermi distribution f(E, T,) using an ‘auxiliary
temperature’ Ty (see the appendix). From the amplitude of
this non-thermal contribution (solid line in Fig. 5) we obtain
that ~18% of the excited-electron population is non-thermal
and is thus not described by f(E, T.;). The spectra also ex-
hibit signatures of the density of states (DOS) in Ru: while this
DOS is rather constant in an interval of &1 eV around Ef [37]
a pronounced peak due to states of mostly d-like character ap-
pears at 1 eV above E in the DOS, which is also visible in the
At = 100 fs spectrum of Fig. 5.

The time evolution of the non-equilibrium electron dis-
tributions between 0 fs and 500 fs are compared in Fig. 6 for
three different absorbed pump fluences at an initial sample
temperature of 100 K. With increasing fluence we observe an
increase of the relative number of non-equilibrium electrons,
as well as an increase in the electron temperature of the ther-
malized Fermi—Dirac distribution. At At = 0 fs the fraction
of non-thermalized electrons and holes is 0.5%, 4% and 9%
for a fluence of 40, 230 and 580 pJ cm~? respectively. On the
other hand the fraction of thermalized carriers decreases with
increasing fluence because more electrons are photoexcited
and contribute to the strongly non-thermal distribution rang-
ing up to 1.55 eV above Er. Note that for all fluences studied
the spectrum at At = 100 fs crosses the one at Az = O fs near
E — Ep =0.3¢eV. Thus, the number of electron-hole pairs
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0.1
ized by an increase (decrease) in the population above (below)
0.01 Er. Thereby, the depopulation of states below Er by photoex-
citation with the pump pulse leads to formation of transient
0.001 ; holes [18]. The lower signal to noise ratio at £ < Ep results
H from background subtraction of the majority of cold electrons
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E - EF (eV) difference spectra are located ~ 50 meV above and below

FIGURE 6 2PPE spectra (logarithmic intensity scale) for 1 BL D,O/
Ru(001) versus time delay at the three indicated absorbed fluences, pumped
by hv; = 1.55 eV (s-polarized) and probed by hv, = 4.58 eV (p-polarized).
Spectra are normalized to unity at £ — Ep = —150 meV

increases with time at energies below 0.3 eV and decreases
above. At At = 100 fs the fraction of non-thermal electrons
goes through a maximum (18% for the highest pump fluence)
and decreases at later times. These population dynamics are
mediated by e—e scattering processes leading to thermaliza-
tion within the electronic system and creation of secondary
electron—hole pairs, whereas e—e scattering and energy trans-
port into the bulk leads to energy relaxation and cooling at the
surface. In the following, we will discuss the temporal evo-
lution of the energy density in the electronic system, which
accounts for both thermalized and non-thermal electrons and
holes, and compare it with model predictions.

As our 2PPE scheme probes holes only up to energies
of 400 meV below Ef, we will analyze how far the dynam-
ics of photoexcited holes are identical to electrons with the
same energy with respect to Er. This approach would allow
us to determine the transient energy density of the entire elec-
tronic system by analyzing only photoexcited electrons above
Er. Figure 7 shows time-resolved 2PPE spectra (absorbed
fluence 580 pJ cm~2) after subtraction of the unpumped, equi-
librium electron distribution obtained from spectra at nega-
tive delays (see Fig. 5, hatched spectrum). The pump-induced
changes of the electron distribution in Fig. 7 are character-

Er for electrons and holes, respectively. Scattering processes
among electrons or holes redistribute the excess energy and
increase the carrier population at states closer to Er, which
leads to crossing of spectra at O fs and 100 fs near £300 meV
for electrons and holes, respectively. At later time delays, the
difference spectra become narrower and lower in amplitude
as the excess energy which is initially deposited in the elec-
tronic system is transferred out of the detection volume, i.e.
into the bulk.

For all time delays the difference spectra in Fig. 7 are anti-
symmetric with respect to inversion at E = Eg, which suggest
an equivalence in the dynamics of electrons and holes. This
is a consequence of the nearly flat DOS in Ru in the vicin-
ity of Er and confirms that the absorbed photon energy is
equally distributed among electrons and holes. We will as-
sume in the following that the electron dynamics above Eg
mimic the entire dynamics of holes as well. This assumption
is confirmed by Fig. 8, which shows the time evolution of the
number of electrons and holes integrated over energy intervals
of +0.3 eV around FFE:

+0.3 eV

ni(t) = / N(E,fHdE. 2)
0

We find that both electrons and holes exhibit the same time
evolution and from now on we will analyze only the elec-
tron dynamics above Eg. The excess energy density U(f) in
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FIGURE 8 Relative number of photoexcited electrons (n.) and holes (n_)
within energy intervals of +0.3eV around Ef obtained from the pump-
induced changes (cf. Fig. 7) as a function of pump—probe delay (absorbed
fluence 580 wJ cm™2, 1 BL D,0/Ru(001))

the system is then calculated by integrating the intermediate-
state electron energy weighted by the respective population
N(E, 1):

1.6 &V
Un =2 N(E,?) |E| dE,

Ep=0

3)

where the holes contribute by a factor of two to U(f). Due to
the unknown probed volume and exact fluence of the probe

pulse the energy density is only known up to a constant factor.
‘We have therefore matched the energies derived from our data
and the model calculations at negative delays.

The temporal evolution of the energy density U(f) is plot-
ted in Fig. 9 for clean Ru(001) and for 1 BL D,O/Ru(001) on
a logarithmic scale. The rise of the energy density occurs on
the time scale of the laser-pulse profile since photon absorp-
tion occurs only within the laser-pulse duration. The transient
changes of U(f) are comparable to that of the electron popu-
lation (Fig. 8) and occur on a time scale of only 400 fs. This
has to be compared with the much slower response times ob-
served for noble metals of typically 1-2 ps [7, 12]. The most
striking result is, however, that after 500 fs the energy density
at the surface drops nearly to the same value as before exci-
tation. As will be discussed in detail below, this indicates that
most of the absorbed energy is carried away by efficient trans-
port from the surface into the bulk. Note also that this finding
is observed for both clean and D,O-covered Ru(001), which
reveals that the adsorbate layer does not influence the electron
dynamics.

Furthermore, it is possible to extract from the electron
spectra the non-thermalized contribution (see Fig. 5) and cal-
culate the transient energy density Uy () of non-thermalized
electrons. We find that Uy, () of the non-thermalized electrons
decays exponentially with time constants of 96, 66 and 75 fs
for the pump fluences of 40, 230 and 580 pJ cm~2, respec-
tively. The latter two values are nearly identical within the
error bars (£5 fs) whereas for the lowest pump fluence the
decay time is significantly longer. Therefore, a trend of de-
creasing decay time with increasing pump fluence seems ev-
ident. Note that one cannot simply identify these decay times
with thermalization times because energy loss of the non-
thermalized electrons occurs also due to transport and e—ph
coupling. We also analyzed the decay time of the population

6 111 l 11111 l 11111 l 11111 l L1111 l L1 1 1 1 l 11 1 l 11 1 l 11 1 l 11 1 l 11 1 l 11 1 l 11 1
5 O exp. data _ O exp. data 6
N 4 — — two temp. model | ] — heat bath model [* D
o
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> = Q.
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FIGURE 9 Temporal evolution of the energy density U(r) at the bare Ru(001) surface (left, absorbed fluence of 250 uJ cm~2) and for 1 BL D,0/Ru(001)
(right, absorbed fluence of 580 wJ cm—2. The dashed lines are derived from the 2TM by calculating U(f) = ce Te1/2 (Where ce] = yTe) with y =400] m3 K2,
see the appendix). The black solid line (right) is the result of an extended heat-bath model accounting for ballistic electron transport and reduced e—ph coupling
of non-thermal electrons (see text). For comparison the dash-dotted line (right) shows the result of this model assuming the same e—ph coupling and diffusive
transport for all electrons. The thin dashed line (right) is the pump—probe cross-correlation curve indicating the time resolution of our experiment. Note the
larger pulse width for bare Ru(001) (cross correlation FWHM of 146 fs for Ru(001) and 92 fs for 1 BL D,O/Ru(001))
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of non-thermal electrons, i.e. the deviation from a Fermi—
Dirac distribution f(E, Ti;) [33]. Using this definition for
a thermalization time we obtain 140, 113 and 111 fs for the
above fluences. In any case, we observe a decrease in the
thermalization times with increasing fluence, which is in qual-
itative agreement with previous observations [12].

Because a good knowledge of the dynamics of energy flow
is crucial in applications like femtochemistry, various theoret-
ical or phenomenological approaches have been developed to
model these dynamics. In the next section we will therefore try
to describe the observed dynamics with a simple phenomeno-
logical model.

4 Discussion

As a starting point of our discussion we will first
compare the results described above with predictions of the
2TM [8]. We use this model in a refined version published
previously [11,29], which is described in the appendix. It is
known that the 2TM is not suitable to describe the full dynam-
ics of the photoexcited electron distribution because it is not
possible to attribute a well-defined Fermi—Dirac temperature
at early times (At < 400 fs, see Fig. 6). Therefore, we focus
on the energy density in the electron system, which is well
defined at all times for both thermal and non-thermal distri-
butions. The electron temperatures obtained by the 2TM are
converted to energy using the electron heat capacity U =
CaTea/2 =y T3/2, while the actually measured energy in the
electron system is extracted using (3). In order to account for
the finite time resolution in the experiment, the simulations
are convoluted with a Gaussian according to the probe-pulse
duration.

Figure 9 shows the comparison of the energy density U(f)
calculated from the 2TM (thick dashed line) with U(f) ex-
tracted from the data (circles). While at early times (At <
300 fs) the 2TM provides a fairly good description of the dy-
namics, there are pronounced deviations for At > 400 fs: the
energy density drops to a significantly lower value than pre-
dicted, only slightly above the level before excitation. This
means that most of the absorbed energy from the laser pulse
must have rapidly dissipated from the surface into the bulk and
is not stored by the lattice. An analogous result is found for the
transient electron temperature 7 determined from the fit of
the thermalized part of the electron distribution (Fig. 10, cir-
cles). In the experiment we observe a rise of the electron tem-
perature from 100 K before excitation to 225 K at the peak and
finally 7 = 135 K at 1 ps, while the 2TM predicts a peak tem-
perature T,y = 1300 K and a final value of 250 K. For lower
fluences such discrepancies are observed as well, though not
as pronounced (not shown). It is not possible to achieve agree-
ment between the 2TM and our data at all times by chang-
ing material parameters in a reasonable range?. Therefore the
dynamics of energy flow must be different than assumed in
the 2TM.

In general, the energy density at the surface is a result of
the competition of e—ph coupling that localizes the energy

2 A physically unreasonable increase of the lattice heat capacity by a fac-
tor of four together with a 10% decrease of the e—ph coupling constant
leads formally to agreement of U(¢) derived by the 2TM
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FIGURE 10 Time evolution of electron temperature (thick dashed line) and
lattice temperature (thin dashed line) at the surface for the two-temperature
model. For the extended heat-bath model the thermal electron temperature
(thick line) and the lattice temperature (dotted line) are shown. Tempera-
tures determined from a fit of Fermi—Dirac functions to the thermal part of
the electron spectra are shown as circles. The inset shows electron spectra
data at indicated delays and corresponding electron spectra computed from
temperatures of the extended heat-bath model as lines

at the surface and heat transport that carries the energy into
the bulk. To open up new channels for the dynamics of en-
ergy flow we propose an extended heat-bath model, which
models the non-thermal electrons in a separate bath. Figure 11
illustrates the energy flow in Ru according to this model: the
energy from the laser pulse is injected into the non-thermal
electrons (and holes). Due to their high excess energy these
carriers exhibit very efficient ballistic and diffusive transport.
As the excess energy in the non-thermal bath is distributed
over a smaller number of particles compared to a thermalized

S(t)
hv

non-thermal Ty thermalized

electrons —>  clectrons

Ent Tel
ballistic | \ / diffusive
transport H(€n. Ton) H(Te. Ton) transport
vy phonons
T K=K, =&

diff. pr " Ton
transp.

FIGURE 11 Schematic representation of energy flow in a metal after fem-
tosecond optical excitation (extended heat-bath model). The electron system
is split into a non-thermal and a thermal bath, coupled with different strengths
to the phonon bath. Energy in the non-thermal bath relaxes with a time con-
stant 7y, to the thermal bath. Heat transport is modeled as diffusive with
a diffusivity of k = koTe1/Tpn and for the non-thermal bath as ballistic trans-
port with velocity vy
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bath with the same energy density, the e-ph scattering rate will
be reduced. Due to the competition with energy transport into
the bulk a small amount of energy is transferred to the ther-
malized electron bath, which has the same e—ph coupling and
transport properties as used in the 2TM above.

Let us now discuss in more detail the individual parts of
the model. The extension of the 2TM model is to split the elec-
tron bath into two parts, one contribution consisting of ther-
malized electrons and the second consisting of non-thermal
electrons. As we show in the Appendix, this corresponds
to two electron baths with separate densities: a high-density
bath of thermal electrons and a low-density non-thermal bath.
The electron distribution of the thermal bath is described by
a Fermi—Dirac distribution, represented by a temperature Ty,.
Surprisingly, it is also possible to describe the non-thermal
part of the spectra by a Fermi—Dirac distribution (see Fig. 5
and the Appendix); therefore we can formally characterize
the non-thermal bath by an ‘auxiliary temperature’ 7, where
necessary. However, as far as possible, we describe the non-
thermal bath by its energy density Uy. Since the non-thermal
electrons are initially created by the pump pulse, this pulse
is described by a source term S(z, ) which acts on the non-
thermal bath only. During the first few hundred femtoseconds
the non-thermal electrons will acquire a thermal distribution
due to e—e scattering. This process is modeled by a coup-
ling which is transferring energy from the non-thermal to
the thermal electron bath with a time constant ty,. The non-
thermal electrons are initially distributed inhomogeneously in
the metal giving rise to ballistic transport with velocity vy,
which means a net motion of electrons towards non-excited
spatial regions. Elastic reflection of ballistic electrons at the
surface and the gradient in the excitation density result in
a fast net energy transport in the non-thermal bath towards
the bulk. Diffusive transport for both electron baths, thermal
and non-thermal, is modeled with a temperature-dependent
diffusivity k = ko T / Tph. Electron—phonon coupling is mod-
eled by a coupling term, H(T, Tpn), for the thermal and
H (T, Tpn) for the non-thermal bath, derived by Kaganov
et al. [38]. Since the latter differs from the first only by a con-
stant factor, tuning of the e—ph coupling for both baths is
possible.

Figure 9 shows the results of the extended heat-bath model
for two parameter sets. The bold line describes the data rea-
sonably well and considers ballistic transport with a velocity
vp = 8 x 10° ms~! and reduced e—ph coupling of non-thermal
electrons to 20% of the value used in the 2TM. On the con-
trary, without ballistic transport (i.e. diffusive transport only)
and with identical e—ph coupling for both electron baths,
the experimentally observed energy transient is not well de-
scribed, as shown by the dash-dotted line. The dependence
of the diffusivity x on T should in principle increase trans-
port efficiency for the non-thermal bath even without ballistic
transport. However, it turns out that even for the high auxil-
iary temperatures Ty, of up to 3500 K the transport is still too
weak to explain the data due to a low temperature gradient
at the surface. We conclude from these simulations that the
electron dynamics at the Ru(001) surface are strongly influ-
enced by ultra-fast (mainly ballistic) energy transport into the
bulk, which cannot be accounted for by any reasonable model
which considers only diffusive transport (as in the 2TM). Neg-

lecting these transport effects leads to overestimation of the fi-
nal surface temperature of the system. Our results also suggest
that the e—ph scattering rate is reduced compared to a thermal-
ized electron distribution. The phonon-emission rate will be
influenced both by the number of excited hot electrons as well
as DOS effects. We believe, however, that our data does not
allow us to draw further conclusions. A detailed study of the
temperature dependence would be beneficial.

Our model describes not only the overall energy transient
in the electron system, but also the temperature of thermal-
ized electrons (Fig. 10, thick line). Thus, by inserting tem-
peratures from the model into (A2), electron distributions can
be simulated, as seen in the inset of Fig. 10. The result of
a rather weak e—ph coupling of non-thermal electrons is al-
ready indicated by the lattice-temperature evolution in the
2TM (thin dashed line, Fig. 10): obviously, the lattice tem-
perature exceeds the experimentally determined equilibrium
value of 135 K already after a few tens of femtoseconds. Due
to the high lattice heat capacity, once energy is deposited in the
lattice, it cannot be dissipated in metals on a sub-picosecond
time scale, because significant heat transport only takes place
through the electron system. The conclusion is that in our
experiment the lattice temperature cannot at any time be sig-
nificantly higher than 135 K, which is indeed reproduced by
our extended model (dotted line in Fig. 10).

Although the presented model indeed gives a fairly good
description for the energy density and temperature dynam-
ics of the studied system, we do not intend to propose it as
afull description of the carrier dynamics, which would require
a more fundamental theoretical approach. However, we be-
lieve that it provides a good starting point to understand the
main physical mechanisms and their interplay in shaping the
system’s early dynamics, which are of fundamental interest
for femtochemistry.

Finally, we discuss the consequences for surface fem-
tochemistry and related non-adiabatic processes at sur-
faces [23,24]. As pointed out in the introduction, photoin-
duced surface reactions are often mediated by charge-transfer
processes of hot electrons (holes) into normally unoccupied
(occupied) adsorbate resonances (see Fig. 1). For a given res-
onance lifetime and excited-state potential energy surface the
reaction yield is then governed by the density of excited carri-
ers in the energy interval of the adsorbate resonance (which is
typically located around 1-3 eV above Er [28, 34]). However,
as demonstrated in this and related work, most of the pho-
toexcited electron distribution in this energy range consists
of non-thermalized hot electrons, which implies that a de-
scription within the 2TM cannot be adequate. This raises the
question why the frequently used electronic friction models,
which are based on the 2TM to describe the substrate electron
dynamics, provide very good agreement for various surface
femtochemical processes [23,24,28]. The present work on
Ru shows that the non-thermal part of the electron distribution
(~ 20% for the highest fluence) can be — to a good approxi-
mation — effectively described by a Fermi distribution with an
‘auxiliary temperature’ Ty. Since in typical femtochemistry
experiments the absorbed fluence is at least 5—10 times larger
compared to our photoemission measurements, essentially all
valence electrons around the Fermi level will be excited by
the intense pump pulse. As the e—e scattering rate within the
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photoexcited electron gas will strongly increase for higher ex-
citation densities, the distinction between the thermalized and
non-thermal carrier distributions will become irrelevant and
even at early times the electronic system may again be de-
scribed by an effective electron temperature. However, at such
high excitation densities only optical techniques are applica-
ble, as photoelectron spectroscopy becomes impossible due to
space-charge broadening.

5 Conclusion

Time-resolved two-photon photoelectron spec-
troscopy was employed to analyze the transient electron and
hole distributions following optical excitation of a Ru(001)
surface. The experiments were performed with 800-nm pump
pulses for absorbed fluences between 0.04 and 0.6 mJ cm™2.
Transient changes of the electron distribution occur essen-
tially within the first 500 fs (i.e. much faster compared to
noble metals), while at later times electrons and phonons are
in equilibrium. Within the first 0.5 ps the data show strongly
non-thermal electron and hole distributions, making a de-
scription by a Fermi—Dirac distribution with a well-defined
electron temperature inadequate. However, the dynamics of
electrons and holes were found to be identical in an energy
interval 0.3 eV around Eg. Thus, we pursue a description
of the dynamics that is based on the energy density of the
non-equilibrium electrons only, rather than an electron tem-
perature as used in the 2TM. Apart from the known inability
of the 2TM to describe the initial carrier dynamics due to their
non-thermal character, we show that it yields an energy dens-
ity which is systematically too high for time delays > 400 fs.
For the maximum fluence used (580 wJ cm~?2) this results in
an temperature rise of Ar = 35K, while the 2TM would pre-
dict a much higher value of Ar =150 K. With the additional
insertion of a separate, non-equilibrium bath and the incorpo-
ration of a ballistic transport mechanism in the non-thermal
electron subsystem, we show that our numerical calculations
agree well with the experiment. Therefore, we propose ballis-
tic transport to account for the very efficient energy transfer
into the bulk of the metal. In addition electron—phonon coup-
ling for the non-thermal electrons is reduced compared to
thermalized electrons.
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Appendix

In this section the modified heat-bath model is discussed in de-
tail. Our model is based on the 2TM, which is described by the
differential equations [11]:

0T ad Ty
Co— = — — H(Ty, T, S(z, 1), Al
el ey e (K P ) (T ph)+ (z, 1) ( a)
aT;
Con—s™ = H(Tr. Tyn) (A.1b)

The first equation describes the energy balance in the elec-
tron bath with (i) electron diffusion (« is the electron thermal

conductivity), (ii) e-ph coupling H and (iii) optical excitation
with the absorbed energy density per time S(z, ). The sec-
ond equation describes the energy balance in the phonon bath,
which is given by the e—ph coupling.

The main idea of our extended model is to split the bath
of the electrons into two separate ones: one bath consisting
of thermalized electrons and the second one consisting of
non-thermal electrons (see Fig. 11). The relative fraction of
these two contributions is described by a time- and space-
dependent, dimensionless factor (¢, 7). The relative density
of the thermal bath is (1 — ) while the relative density of the
non-thermal bath is r. Therefore, for the electron baths the
conduction-band electron density o has to be substituted by
the reduced density (1 —r)o for the thermal bath and rp for the
non-thermal bath.

Concerning the distribution functions, it is clear that the

thermal electrons are described by a Fermi—Dirac function,
while for non-thermal electrons there is a priori no simple ex-
pression. However, we found empirically that the distribution
function of the non-thermal electrons can be approximated
fairly well by a Fermi—Dirac function with reduced ampli-
tude and an auxiliary temperature T, (cf. Figure 5). We do
not suggest to understand T, as a real temperature of a sys-
tem in thermal equilibrium, but rather want to exploit the fact
that a Fermi—Dirac function describes the non-thermal part of
the measured electron spectra fairly well (cf. Figure 5). There-
fore, even for the non-thermal electrons, we can use formulae
for e—ph coupling and thermal diffusion that assume a ther-
mal electron distribution. Apart from that, we describe the
non-thermal bath in terms of its energy content, which is pro-
portional to T2, cf. (A.4). The measured electron spectra can
then be described in the following way:
N(E) = [(1 =) f(E, Ta) +r f(E, To) |DOS(E) . (A.2)
By fitting this distribution N(E) to observed electron spec-
tra at different time delays we can extract r(¢, z = 0) and
Tw(t, z = 0), i.e. the relative density and auxiliary tempera-
ture T, of the non-thermal bath at the surface (z = 0). We
find that r rises from O to a maximum of 0.18 at = 100 fs
for the highest pump fluence (see Fig. 5). The spatial profile
of r is assumed to follow an exponential decay with the op-
tical penetration depth of 16.2 nm [39] because the creation
of non-thermal electrons is proportional to the photon dens-
ity. The density of states DOS(E) is assumed to be constant,
which is supported by band-structure calculations [37] for an
interval of 1 €V centered on EFf.

We extend the 2TM by splitting the electron system into
two parts. Thus, we arrive at a set of three differential equa-
tions:

dUy 0 0T
=—\|r«
dt 0z

) -r I:I(Tnt, Tph) — Etherm + S8(z, 1),

Z
(A.3a)
3Tel 0 aTel
1-nCa 22 = 2 (1=
(=ntasr =5 (( e )
—(1—=r) H(Ty, Tph) + Etherm (A.3b)
Ty, _
Cph— = (1 _r)H(Telv Tph) +r H(Tnts Tph) . (A3C)

ot
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The first equation describes the energy balance in the non-
thermal electron bath, the second equation the thermal elec-
tron bath, while the last equation describes the phonon bath.
All physical quantities that are proportional to the electron
density are multiplied by a factor of r or (1 — r) to account for
the splitting of the electron system into two subsystems. As
the highly non-thermal electrons are created by the light pulse,
the optical excitation term S(z, ) appears in the equation for
the non-thermal electrons only. It has a Gaussian time profile
and an exponential decay into the bulk with the optical pene-
tration depth. The e—ph coupling function for the non-thermal
electrons, H, includes a constant factor to control the coupling
strength. An additional term Eer, describes the coupling be-
tween both electron baths, thereby modeling processes due to
e—e interaction, i.e. thermalization.

The energies of the thermal and non-thermal electrons are
given by

U:;?t = Uel + Unl P
(A.4)

1 2 1 2
Uelzi(l—r)]/T UmZ—r]/T

el’ D) nt?

where y = 400 Jm~3 K2 is the electronic heat capacity coef-
ficient for Ru [40]. Here we used the linear dependence of the
electron heat capacity C¢ on temperature:
Ca=vyT,. (A.5)

The electron thermal conductivity « is taken as temp-
erature dependent [29]: «(Te) = «oTe/Ton With ko =
117Wm~'K~!. The e-ph coupling is modeled with an
energy-transfer rate H(Ty, Tp,) that was derived by Kaganov
et al. [38] by summation of all one-phonon emission and ab-
sorption processes assuming thermal electron (Fermi—Dirac)

and thermal phonon (Bose—Einstein) distributions. It has the
form H(Te, Ton) = f(Te1) — f(Tpn), Where

®p/T
T\* x* dx
=4gT | — ,
D) =4g (@D> fex_l
0

with the e-ph coupling constant g = 1.85 x 108 Wm—3 K~!
[29] and the Debye temperature ®p = 404K [41]. The
temperature dependence of the lattice heat capacity Cpp
is described using the Debye approximation with a high-
temperature value of Cph (T — 00) = 24.943 Jmol ' K.
The thermalization of the electron gas leads to two phe-
nomena visible in the measured electron spectra (Fig. 6): in
the initial stages of thermalization a large number of moder-
ately high energetic electrons are created by scattering with
high energetic electrons. This leads to the visible intensity rise
for E— Er =0 to 0.3 eV for the first 100 fs, which is mod-
eled by a rising r(¢), since the shape of the spectra suggests
counting these electrons to the non-thermal bath. In principle,
this can be viewed as an internal thermalization of the non-
thermal electrons. Second, inspection of the electron energy
in the non-thermal part of the spectra shows that this energy
is at the same time decaying exponentially. To account for this
fact, the coupling term Eerm between the two electron baths
is proportional to the energy difference in the two electronic

(A.6)

subsystems with a time constant ty,:

Etperm = ¥ (Ta — T2 [ Tn - (A7)

For the non-thermal electrons we have implemented
a simple mechanism for ballistic transport. We assume an
isotropic initial velocity with v, = 8 x 10° m s~! upon excita-
tion, which is justified by the roughly spherical shape of large
parts of the Fermi surface [42]. This value of v, is in agree-
ment with the Fermi velocity vg = dE/dk = 10 ms~! and
5 x 10° ms~! for the two bands along I'A, determined from
recent band-structure calculations [37]. We consider only the
component of the velocity vector normal to the surface. Dur-
ing the summation, we keep note of the relative number of
electrons propagating towards and away from the surface and
implement a reflection of ballistic electrons at the surface.

The model calculations are done by integrating the differ-
ential equations (A.3a)—(A.3c), with time steps of 10~!7 s on
a one-dimensional grid with 1-nm spacing. To account for the
small escape depth of photoexcited electrons, only the energy
and temperature from the top 1 nm are used for comparison
with experimental data.
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